Fifty-two Stratospheric sudden warming (SSW) events that occurred from 1957 to 2002 were analyzed based on the 40-year European Centre for Medium-Range Weather Forecasts Reanalysis dataset. Those that could descent to the troposphere were composited to investigate their impacts on the East Asian winter monsoon (EAWM). It reveals that when the SSW occurs, the Arctic Oscillation (AO) and the North Pacific Oscillation (NPO) are both in the negative phase and that the tropospheric circulation is quite wave-like. The Siberian high and the Aleutian low are both strengthened, leading to an increased gradient between the Asian continent and the North Pacific. Hence, a strong EAWM is observed with widespread cooling over inland and coastal East Asia. After the peak of the SSW, in contrast, the tropospheric circulation is quite zonally symmetric with negative phases of AO and NPO. The mid-tropospheric East Asian trough deepens and shifts eastward. This configuration facilitates warming over the East Asian inland and cooling over the coastal East Asia centered over Japan. The activities of planetary waves during the lifecycle of the SSW were analyzed. The anomalous propagation and the attendant altered amplitude of the planetary waves can well explain the observed circulation and the EAWM.
Introduction
Stratospheric sudden warming (SSW) is an intriguing phenomenon of winter stratospheric circulation. Since it was first discovered in 1952 by Scherhag [1] , it has been recognized as one of the critical phenomena that could influence hemispheric circulation patterns. Polar stratospheric temperature rises sharply when SSW occurs, and stratospheric circulation patterns linked to temperature changes shift dramatically. SSW events can be divided into major and minor warming events, based on the degree of warming. Charlton and Polvani [2] classified major warming events into those that either do or do not split the stratospheric polar vortex based on the zonal wind at 60 ∘ N and 10 hPa. Matthewman et al. [3] found that vortex-splitting events are typically barotropic, with the vortex split occurring nearly simultaneously over a large altitude range (20-40 km) , while displacement events are characterized by a very clear baroclinic structure.
Abnormal circulation caused by some specific SSW events is able to propagate downward to influence the tropospheric weather and climate. Early in the 1970s, Quiroz [4] found that anomalous stratospheric zonal anticyclonic circulation in high latitudes occurs along with SSW, and this anomaly extends from the stratosphere to the ground and affects tropospheric weather systems. Baldwin and Dunkerton [5] considered that Arctic Oscillation (AO), which is the critical mode that couples the stratosphere and troposphere, has a significant relationship with SSW. They suggested that SSW causes the AO index to become negative and return to positive slowly. They also pointed out the potential role of the stratosphere in the tropospheric weather forecasts during both the weak and strong vortex events. Later, Baldwin et al. [6, 7] further found that SSW could lead to higher temperature and geopotential height in the polar region and weaken the stratospheric AO.
Major SSW events can cause significant changes in the stratospheric polar region and lead to the anomaly of Northern Hemispheric AO transmission to the troposphere, thereby affecting weather and climate in the troposphere. Li et al. [8] found that, after a major SSW event, temperature 2 Advances in Meteorology and height anomalies in the polar stratosphere can lead to downward AO, which may result in stronger Siberian high and Aleutian low, and a deeper westward shifted midtropospheric East Asian trough. Deng et al. [9] analyzed the linkage between the SSW and AO and found that the uppertropospheric East Asian jet stream is strengthened and the East Asian trough is deepened during SSW. Mitchell et al. [10] developed a new classification technique of weak vortex events based on the distribution of potential vorticity and further divided such events into vortex displacements and vortex splits. They suggested that vortex splitting events are correlated with surface weather and can lead to positive temperature anomalies that exceed 1.5 K over eastern North America and negative anomalies that exceed −3 K over Eurasia and that the corresponding signals are weaker during displacement events. Wang and Chen [11] studied the cold winter in 2009 and suggested that this event is accounted for by the extreme negative AO at surface level and that some relatively weaker stratospheric anomalies can also propagate downward and influence the troposphere. From the perspective of mass circulation, some recent studies provided a clear physical picture on the linkage between the stratospheric circulation anomalies and the Northern Hemispheric cold air outbreaks [12, 13] .
China is located in East Asia, and the East Asian winter monsoon (EAWM) is the world's strongest winter monsoon system [14, 15] . The EAWM is generally considered to be the driver of the East Asian atmospheric circulation and is related to cold air moving eastward and southward from the Siberian high [14] . Previous scholars have shown that many factors including external forces and internal dynamic processes can affect the EAWM [14, 15] . Some recent studies [16] [17] [18] [19] [20] suggested that the changes of EAWM are closely linked to the winter AO. The EAWM is strong during the negative phase of AO and vice versa. The North Pacific Oscillation (NPO) and its tropospheric embodiment, the western Pacific (WP) pattern, are other important factors that influence the EAWM [21] [22] [23] . They are featured with an equivalent barotropic structure in summer but tilt slightly westward with height during the other three seasons [21] . The positive phase of NPO favors significant southerly anomalies along the coasts of East Asia during the boreal winter and may bring warm moist air from the south [21] .
It is well known that the troposphere and the stratosphere are dynamically coupled because of the vertical transmission of atmospheric planetary waves in the boreal winter. After Thompson and Wallace discovered AO [24, 25] , observation and simulation results both indicate that the anomalies that occur in the stratosphere are able to propagate downward to the troposphere, affecting climate and weather when accompanied by the AO signal [26] [27] [28] . However, not all the stratospheric AO events and SSW events are linked with the subsequent tropospheric cold events or low temperature events [26] [27] [28] . Besides, most of these studies focused on North America or Europe, and fewer studies were carried on for East Asia. In fact, the EAWM has a very close relationship with the AO and the stratosphere [16] [17] [18] [19] [20] 29] , implying that the stratosphere is very likely to influence the EAWM. Moreover, it is interesting to explore this issue because the long-lasting stratospheric anomalies may provide valuable information for the medium-range weather prediction of the EAWM. Therefore, this study aims to explore the possible relationship between the SSW (stratospheric AO) and the EAWM, focusing on the period of both during and after the peak of the SSW. Specifically, we divided the 52 SSW events during 1957-2002 into those that could and could not propagate downward to the troposphere and analyzed the changes of the East Asian winter monsoon during and after the peak of the downward propagating SSW events. In order to understand the mechanism that links the EAWM and the SSW, the activity of planetary waves and the associated Eliassen-Palm (EP) flux were also investigated.
Data and Methods
Data used in this study are from the 40-year European Centre for Medium-Range Weather Forecast Reanalysis (ERA-40) dataset that contains 45 years . It has a horizontal resolution of 2.5 ∘ × 2.5 ∘ and extends from 1000 to 1 hPa with 23 pressure levels. The data used in this study include the geopotential field, the temperature field, and the zonal and meridional wind fields.
According to the World Meteorological Organization's stipulation in 1963, in order for a warming event to be qualified as SSW, it needs to meet two criteria: (1) a zonal mean temperature of 60 ∘ N to polar reverses its meridional gradient at 10 hPa or lower and (2) the polar vortex weakens and moves south, while, since the polar region is controlled by a warm high, the circulation turns easterly instead of westerly. These criteria can be expressed as follows: Table 1 ).
In addition, we define an SSW event as a downward propagating event if it meets both of the following criteria [30] .
(1) The maximum anomalies of geopotential height in the polar region (70 ∘ ∼90 ∘ N) at 10 hPa lag behind the maximum anomalies of 1 hPa by at least one day.
(2) The maximum anomalies of geopotential height in the polar region (70
∘ N) at 10 hPa lead the maximum anomalies of 100 hPa by at least one day.
Twenty-eight downward propagating events were selected from the 52 SSW events according to the criteria above, and they are listed in Table 1 . As we can see, 21 out of 31 major SSW events could propagate downward, but only 6 out of 21 minor SSW events could propagate downward. This indicates that major SSW events spread more easily downward to the troposphere than minor ones do. Figure 1 shows the composite of geopotential height anomalies in the polar region for the downward propagating and the nondownward propagating SSW events, respectively, during the 120-day period centered on the SSW events. Here day 0 is defined as the day of the maximum anomaly at 10 hPa. The vertical axis represents the height and the horizontal axis the lead (negative) or lag (positive) of the 10 hPa maximum anomalies' geopotential height. The selected abnormal downward propagating events (Figure 1(a) ) have apparent downward positive anomalies below 150 hPa after day 0, while the nondownward propagating events (Figure 1(b) ) show negative anomalies below the 150 hPa height. This result suggests that the above method to select downward and nondownward propagating events is efficient and valid.
This study also considered planetary wave propagation in the vertical direction with two-dimensional EP flux calculations, using the EP flux of planetary waves. The EP flux is defined as follows [31] :
where is the EP flux, the air density, the radius of the Earth, the latitude, the constant of the air, the Coriolis parameter, the scale height, and V the zonal and meridional winds, respectively, and the temperature. In this study, the wavenumbers 1-3 are extracted with Fourier analysis method. Composite analyses are performed and the confidence levels are evaluated with a two-tailed Student'stest.
Impact of SSW on the Middle and Lower Troposphere
During a major SSW event, the stratospheric circulation changes dramatically, and the westerly zonal winds that prevail at 10 hPa become the easterly winds [1] [2] [3] . After the SSW event, the stratospheric anomalies may propagate downward to the troposphere in the middle and high latitudes [4, 5] . Such features are well captured by the zonal-mean zonal wind anomalies shown in Figure 2 , which is the composite based on the 28 downward propagating SSW events. During the peak (day −10∼+10) of the SSW events, there are clear easterly anomalies that center at 60 ∘ N at about 1 hPa (Figure 2(a) ). These easterly anomalies are originally confined in the stratosphere at the middle and high latitudes, and the easterly anomalies in the troposphere are very weak (Figure 2(a) ). The center of the easterly anomalies propagates downward to about 10 hPa afterwards (Figure 2(b) ). During day +10∼ +40, the maximum easterly anomalies appear at 10 hPa height at 60
∘ N, and clear easterly anomalies can be observed in the troposphere and even near the surface (Figure 2(b) ). Meanwhile, the westerly winds are gradually restored at 1 hPa from about 45 ∘ N. Although the easterly circulation is in its slipping stage in the middle stratosphere, it still dominates the lower stratosphere and the whole troposphere.
In order to investigate the impact of the SSW on the EAWM, we composited the atmospheric circulation anomalies during (day −10∼+10) and after (day +10∼+40) the downward propagation of the SSW signals. Figure 3 shows the distribution of the 1000 hPa geopotential height anomalies during (day −10∼+10) and after (day +10∼+40) the SSW. During the peak of the SSW events (Figure 3(a) ), the 1000 hPa geopotential height filed features significant positive anomalies region over the eastern part of the Eurasian continent and negative anomalies over the North Pacific, exhibiting clear wave-like structure. These anomalies overlap the Siberian high and the Aleutian low, indicating that both systems are strengthened. This is reasonable because, during the SSW events, the planetary waves are more active and have larger amplitude. Given that the Siberian high and the Aleutian low are manifestations of the planetary waves at the surface [29] , the two systems both amplified during this process. In this situation, the pressure gradient between the Asian continent and the North Pacific is significantly enhanced and facilitates the strengthening of the EAWM. After the peak of the SSW (Figure 3(b) ), the wave-like structure diminished. Instead, the polar region and the mid-latitude region are occupied by positive and negative geopotential height anomalies, respectively. This structure is quite zonal-symmetric and resembles the negative phase of AO. A slight difference of this structure form the conventional AO [21, 22] is that the anomalies over the North Pacific are stronger than those over the North Atlantic (Figure 3(b) ), so it resembles the NPO [19] to some extent. In this situation, the Siberian high weakens significantly, but the Aleutian low amplifies over its southern part. Therefore, the pressure gradient in between is enhanced along the coasts and weakened in the East Asian inland.
Another significant feature of the East Asian winter atmospheric circulation is the deep coastal trough in the midtroposphere [32, 33] , so we further examined the East Asian trough during and after the SSW. Figure 4 shows the 500 hPa geopotential height anomalies during and after the peak of the SSW. During the peak of the SSW (Figure 4(a) ), a roughly wavenumber-3 pattern is observed north of 45 ∘ N, corresponding to the wave-like pattern of 1000 hPa (Figure 3(a) ). The geopotential height filed is significantly negative around Japan (Figure 4(a) ), indicating the enhanced East Asian trough and thereby the EAWM. After the peak of the SSW, the circulation at 500 hPa is more zonally symmetric and the wavenumber-3 pattern is slightly weakened, resembling the negative phase of both AO and NPO (Figure 4(b) ). The NPO/WP pattern is especially clear and it exhibits a meridional dipole over the North Pacific. Compared with the peak of the SSW (Figure 4(a) ), the anomalous negative geopotential height center over the Pacific is located more eastward (Figure 4(b) ). Hence, it suggests that the East Asian trough not only deepens but also shifts eastward. This configuration is conducive to cold episode along the coastal areas of East Asia in the lower troposphere [33] .
The decreased temperature anomalies during and after the peak of the SSW are shown in Figure 5 . During the peak of the SSW (Figure 5(a) ), the northern and central parts of East Asia show quite significant cooling. This is consistent with the strong Siberian high (Figure 3(a) ) and East Asian trough (Figure 4(b) ). After the peak of the SSW (Figure 5(b) ), East Asia shows quite contrasting temperature patterns between inland and coastal regions. The inland and the Southeast regions show clear warming, whereas the coastal areas and Japan show significant cooling. The inland warming can be attributed to the weakened Siberian high (Figure 3(b) ). The coastal cooling can be attributed to the enhanced Aleutian low over its southern portion and the attendant enhanced pressure gradient (Figure 3(b) ), as well as the deepened and eastward shifted East Asian trough (Figure 4(b) ).
To get a clearer picture of the above interpretation, the wind anomalies at 850 hPa are shown in Figure 6 . During the peak of SSW (Figure 6(a) ), significant northerly anomalies prevail in a wide longitudinal range from northeast China to the coast of East Asia and even east of Japan. This configuration can carry cold air from the higher latitudes and result in lower-than-normal temperatures in all of East Asia ( Figure 5(a) ). After the peak of the SSW (Figure 6(b) ), in contrast, the northerly anomalies only prevail around and to the east of Japan, and southerly anomalies are observed over Southeast Asia. Therefore, cooling is only confined to the coastal region and around Japan, while warming is observed in the inland of East Asia ( Figure 5(b) ).
Activity of Planetary Waves during the Lifecycle of the SSW
It is well known that a planetary wave generated in the troposphere can propagate upward, especially in winter, and can pass through the tropopause into the stratosphere [34] causing the stratosphere and troposphere to couple together. AO signals are able to propagate downward and impact the troposphere under some certain conditions as well [35, 36] . Furthermore, because the NPO/WP has a quasi-positive structure [21] , it may cause changes in the lower atmosphere when its high levels trigger some adjustments in Pacific geopotential height. Therefore, in this section, the activities of planetary waves in the downward propagating process of the SSW anomaly are studied by means of its corresponding EP flux and wave amplitude. Figure 7 shows the anomalies of EP flux for wavenumbers 1∼3 during different periods of the SSW. Twenty days before the SSW, stronger-than-normal EP flux is observed to propagate continuously into the stratosphere (Figures  7(a)-7(d) ). This propagation is especially strong in the week before the peak of the SSW (Figure 7(d) ). These anomalously upward propagating planetary waves converge in the polar stratosphere, leading to the deceleration of the stratospheric westerly winds. After 20 days of a decelerating effect on the stratospheric westerly circulation, the strength of the stratospheric polar vortex significantly decreases. When the decelerating effect reaches its maximum, the westerly turns to easterly and SSW occurs. When the SSW occurs, the establishment of the easterly circulation in the polar regions is not conducive to the upward propagation of planetary waves, so that further dispersion of the tropospheric wave energy into the stratosphere is suppressed. This process can be seen clearly from the EP flux diagrams. When the SSW begins (Figure 7(e) ) the EP flux into the stratosphere weakens rapidly and anomalous downward EP flux is observed in the subpolar region (Figures 7(f)-7(i) ). In this situation, it is conducive to the diabatic adjustments, and a radiative balance develops. Then, the westerly of polar night jet accelerates and the westerly circulation gradually resumes. However, the upward propagation of planetary waves remains weak (Figures 7(f)-7(i) ) in both the stratosphere and the upper troposphere, and the decelerating effect of planetary waves on the polar night jet is still effective in the middle and high latitudes. This will facilitate a weak circumpolar vortex, which helps the negative phase of AO to maintain and propagate downward and thereby results in changes in the lower atmospheric circulation. Figure 8 shows the amplitude anomalies of planetary waves for wavenumbers 1 to 3. Before the peak of the SSW (Figure 8(a) (Figures 7(a)-7(d) ) that implies enhanced activity of planetary waves. After the peak of the SSW (Figure 8(b) ), the pattern of amplitude of planetary waves remains similar but has opposite signs. That is, reduced amplitude is observed in 45 ∘ N∼70 ∘ N, while enhanced amplitude is observed at 30 ∘ N∼45 ∘ N. This is also consistent with the suppressed upward propagation of planetary waves (Figures 7(f)-7(i) ) that implies weakened activity of planetary waves. The reduced wave amplitude at high latitudes (45 ∘ N∼70 ∘ N) corresponds to a weakened Siberian high [37] and the increased wave amplitude at 30 ∘ N∼45 ∘ N corresponds to the enhanced Aleutian low in its southern portion. Therefore, these results suggest that the planetary wave play an important role in linking the SSW and the EAWM.
Discussion and Conclusions
The traditional view is that the stratosphere is only passively influenced by the troposphere, and that it is difficult for the stratosphere to influence the troposphere. However, studies over the past ten years have discovered that the stratosphere not only accepts waves and energy from the troposphere, but also sends anomalies back to the troposphere [4] [5] [6] [7] [8] [9] [10] [11] . A key connector between the stratosphere and troposphere is the activities of planetary waves. In this study, we investigated the unique phenomenon of SSW and its impacts on the troposphere, focusing on the impacts on the EAWM.
Based on composite analysis of selected SSW events whose signals can propagate downward to the troposphere, it is found that the stratospheric polar night jet is significantly weakened during the peak of the SSW. During this period, the planetary wave-like structure in the troposphere is very strong and the enhanced amplitude of planetary waves corresponds to strong Siberian high and Aleutian low. This configuration facilitates strong northerly anomalies from Northeast China to North Pacific. Therefore, the EAWM is intensified and significant cooling is observed over all of East Asia especially over inland. After the peak of the SSW, the stratospheric easterly anomalies descend to the troposphere, while the easterly anomalies in the upper stratosphere begin to diminish and restore towards the westerly circulation. During this period, the tropospheric circulation anomalies are quite zonally symmetric and feature clear negative phases of AO and NPO. The Siberian high is weakened but the southern portion of the Aleutian low is strengthened. The mid-tropospheric East Asian trough deepens and shifts eastward. In this situation, the 850 hPa northerly anomalies are only observed around and to the east of Japan. Therefore, significant cooling is observed over coastal East Asia centered over Japan whereas clear warming is observed in the East Asian inland.
The activities of planetary waves were also examined during the lifecycle of the SSW. Before the occurrence of the SSW, there is stronger-than-normal upward propagating EP flux of planetary waves towards the polar stratosphere, leading to a decrease of the stratospheric circumpolar westerly winds. When the SSW occurs, the upward propagation of EP flux weakens because the significantly weakened stratospheric westerly makes it difficult for the planetary wave to propagate upward. The decreased upward propagation of planetary waves favors an adjustment of the diabatic radiation balance to develop, and it produces westerly acceleration in the upper stratosphere and a gradual recovery of westerly circulation. Nevertheless, the westerly circulation continues to slow down in the lower stratosphere and upper troposphere, being conducive to the downward propagation of the negative AO signal from the stratosphere to the troposphere. Thus, the SSW could affect the atmospheric circulation of the lower troposphere. Accompanied with the above-mentioned anomalous propagation of the planetary waves, the amplitude of the planetary waves decreases after the SSW at 45 ∘ N∼70 ∘ N and increases at 30 ∘ N∼45 ∘ N. It weakens the Siberian high and strengthens the southern portion of the Aleutian low, leading to the observed cooling around Japan and warming over East Asian inland.
In this study, the temperature anomalies over East Asia during and after the SSW events are investigated and explained from a point of view of altered atmospheric circulations. The wave-like circulation during the peak of the SSW and the zonally symmetric circulation after the peak of the SSW are quite contrasting. The different activities of planetary waves are suggested to be crucial in this process. Nevertheless, the mechanism of the downward propagation of the AO signal from the stratosphere to the troposphere Advances in Meteorology remains unanswered. This is a difficult and intriguing issue that needs more theoretical studies.
